Heater Control for Thermionic Power Generation by Markusen, Charlie et al.
Santa Clara University
Scholar Commons
Mechanical Engineering Senior Theses Engineering Senior Theses
Spring 2019
Heater Control for Thermionic Power Generation
Charlie Markusen
Patrick Kearney
Jaydon Zimmerman
Follow this and additional works at: https://scholarcommons.scu.edu/mech_senior
Part of the Mechanical Engineering Commons
gmeermg
Charlie Markusen, Patrick Keamey, Jaydon Zimmennan
BE ACCEPTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
Thesis Advisor(s) (use separate line for each advisor) date
^//3/<
Department Chair(s) (use separate line for each chair) date
 
 
 
 
 Heater Control for Thermionic Power Generation 
  
By 
  
Charlie Markusen, Patrick Kearney, Jaydon Zimmerman 
  
  
  
SENIOR DESIGN PROJECT REPORT 
  
  
  
Submitted to 
the Department of Mechanical Engineering 
  
of 
  
SANTA CLARA UNIVERSITY 
  
in Partial Fulfillment of the Requirements 
for the degree of 
Bachelor of Science in Mechanical Engineering 
  
  
Santa Clara, California 
  
  
Spring 2019 
  
 
 
 
 
 
 
 
 
 iii 
 
 
Abstract 
The purpose of this report is to detail the conceptualization, analysis, budget, manufacturing, and assembly 
the heater for a thermionic energy converter for portable energy generation. This proof of concept will be 
created to provide a full thermionic energy converter with a reliable and satisfactory heater than can be used 
in future systems. The report highlights the feasibility and realities in the design and fabrication of the 
system. 
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Introduction and Motivation 
In light of climate change and the need to reduce emissions from power generation, a global goal has 
become to adopt renewable energy sources. However, the adoption of solar panels and wind turbines has 
been slow and expensive for governments to adopt, and has been an even slower process for personal, small 
scale energy generation. Since fossil fuels are the current standard and it will take decades for more 
sustainable resources to be scaled up to attain the world’s energy demands, a technology that could raise 
the ceiling of efficiency for fossil fuel energy generation by 15% would have a tremendous impact. This 
impact could be especially great if it could reduce the size of current energy generation technologies used 
for off-grid applications.  
In situations away from a power grid where there is a need to perform tasks that require electricity, portable 
energy generation is a large-scale problem. It is difficult to power the devices that one depends upon for 
safety or communication off-grid, especially when using devices that require high power. The two main 
energy generation technologies adopted for off-grid applications are batteries and gasoline or diesel 
generators, and each have their distinct set of advantages and disadvantages. Batteries are suited for limited 
charges for devices for one person at low power since they require long recharge times, and are not intended 
for sustained use. Since batteries are generally made with compact designs to be put in a backpack for long 
distances, batteries struggle to supply enough energy for a long trip. Generators, on the other hand, work 
better in sustained use cases where stable, high power is required, and can output enough power for a group. 
In addition, fuel is the only thing needed for power, so no recharging is necessary. Generators are difficult 
to implement for the reason that they are too big and heavy to transport easily, especially for deploying in 
remote locations. Even the smallest popular generators are 50 lbs and too large to fit in a backpack.  
Many of the communication and navigation devices in question require charging often or a continuous 
power supply, so having the power generation needed to charge or constantly power these devices is a much 
needed resource. Designing a system to reach the required high current and/or voltage required by mission-
critical devices such as those for navigation and communication is part of the original scope of our project. 
Our goal is to design a system that could achieve a high energy output while significantly reducing the 
weight of what outputs the energy, and there were many options that could allow those specifications to be 
reached.  
In the search for a new disruptive technology that could bridge the gap between renewable The addition of 
a thermionic converter that can be activated at any time and be used to charge devices readily on the go 
would be a valuable addition to army applications, hunting, and camping gear. This will achieve lighter 
overall weight that individuals have to carry. 
Background and Research 
Traditional Generators 
Traditional generators use gasoline or diesel. Gasoline generators are the lightest due to their aluminum 
cylinder block construction, and can be as little as 50 lbs at the lightest. Diesel generators are heavy due 
to the necessity of cast iron in the block construction, but can have higher output power and last up to ten 
times longer than gasoline generators depending on the quality of manufacturing. Currently all military 
generators use these type of generators in off-grid encampments, since solar and wind power are low 
energy-dense energy sources that cannot easily be used as needed that perform differently in different 
weather conditions. Currently, gasoline generators range at 25% efficiency on average compared to 30-
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35% achieved by diesel generators (source). However, at 35% efficiency, there is room for improvement, 
which is where the main motivations of the project come from. The main reason that the efficiency is so 
low is that there is a tremendous power loss through frictional interfaces between moving parts, of which 
there are many inside a piston-powered generator.  
 
 
Figure 1. Generator gas/air flow schematic (reproduced without permission) 
 
This efficiency ceiling can be raised by introducing a new technology with no moving parts. The 
technology chosen to fix this is thermionic energy conversion. As can be seen in figure 1, there are many 
complex components that all must be working perfectly. These moving parts can cause breakdowns and 
are the source of the frictional losses. 
 
Cathodes 
A cathode is a positive electrode which can produce electrons from its surface and send them into a receiver. 
Cathodes are used in many everyday applications as well as advanced research. Cathodes can be in a 
chemical form, like in a battery. They can also be in a solid form, in the case of a cathode ray tube television. 
The physical phenomena of a cathode have furthered research into alternative electricity sources, since they 
can be heated up or energized with many different heat sources. Thermionic cathodes are particularly novel 
in their capacity to have high energy densities in a very small package, which could be suitable for portable 
energy production with the combination of a suitable energy source. 
As a way to understand cathodes visually, the example of a cathode ray tube television (C.R.T.), a 
technology that would not be possible without cathodes, is shown in figure 1 on the following page. 
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Figure 2. Path of electrons and the different electrodes & components that control the path in a C.R.T. (reproduced without 
permission) 
 
In figure 2 it can be seen that the cathode is the source of electrons. What cannot be seen is the heat source 
for the cathode, which is a hot electric coil in the case of a cathode ray tube. This coil gets hot enough to 
‘boil’ off electrons from the surface of a cathode. Since cathodes produce electrons from their surface, there 
is not inherently a force that drives the electrons in a certain direction. With this, there is a need for a 
controlled atmosphere and several elements to stabilize the electrons and direct them accordingly.  
Similarly, in a thermionic cathode electrons flow from the cathode to the anode which they are then focused. 
Instead of focusing them, electrons can simply be directed up to a receiver in some applications. Figure 3 
shows a simple thermionic cathode (converter) diagram. 
 
Figure 3. Schematic of conventional thermionic converter. 
 
Figure 3 shows a more simplified view of a thermionic energy converter system, one that does not require 
the electrons to be aimed towards a single point, but is still directed by an anode. Note also that the system 
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is in a vacuum and has a heat source, similarly to a C.R.T. The system is explained further in the product 
specifications section of this report.  
Vacuum Atmosphere 
The atmosphere surrounding a cathode in any application must be carefully considered because at very high 
temperatures (upwards of 1000˚C) oxidation of various materials exponentially increases. A strong vacuum 
has been found to prevent any oxidation or spoiling of the materials of a cathode, and thus vacuums are 
implemented in every application where a cathode is used [5]. 
Electron control elements (example of C.R.T.) 
When electrons are boiled off the surface of a cathode, they are stagnant. In many applications, the electrons 
are accelerated in order to amplify a signal or hit crystals in a screen at 60 Hz, meaning that electrons fill 
horizontal lines on a screen from top to bottom 60 times per second. The electrons hit phosphors which 
light up during the instant of collision in a C.R.T.. In any application of a cathode, to direct electrons coming 
off of the surface of the cathode, a low voltage is applied above its surface, creating a ‘buoyant’ environment 
in which the electrons are pulled away from the surface.  
To accelerate the electrons after they start moving, an anode, or negatively charged electrode, is placed 
right after the voltage is applied. The anode simultaneously repulses the electrons and focuses them into a 
single beam, since both electrons and an anode are negatively charged. The path of the electron beam is 
then controlled by a strong magnetic field which is created with copper wire coils to reach the desired point 
of the surface [4]. The path of the electrons is not always a single point, as a receiver may not require the 
beam to be focused.  
Types of Cathodes 
There are two main types of cathodes that are used in vacuum tube applications such as frequency 
amplifiers: oxide coated cathodes and dispenser cathodes. The main difference between the cathodes are 
the current densities, the measure of how much electric current is emitted per area. Oxide coated cathodes 
are used in applications where low power is needed. Such cathodes have current densities between 200-
300mA/cm^2. The peak density can be higher, up to 5 A/cm^2 but the root mean square of the lifetime 
usage of the cathode should be much lower. Dispenser cathodes, also known as thermionic cathodes or 
‘hot’ cathodes, can reach current densities of up to 1A/cm^2 rms [5]. Some new technologies can implement 
up to 10A/cm^2, but are not yet widely used [6]. 
Applications 
In a battery, a cathode is a chemical associated with a negative terminal where current originates. However, 
the cathode is positive relative to the system of a battery. In a light fixture, a solid cathode is used, but the 
same concept is applicable. When excited by electrons shooting into it, the valence electrons of a gas atom 
jump up an energy level then drop back down, producing light from photon emission. In the case of a signal 
amplifier, a cathode shoots electrons into a strong magnetic field which bunches the electrons together by 
means of having decelerating and accelerating electrons interacting. Then the electron bunches are enlarged 
cavities which resonate and emit signals at frequencies several orders of magnitude higher than they were 
originally [1]. In a linear accelerator, cathodes are used to accelerate electrons into a strong magnetic field 
which speeds them up to approaching the speed of light.  
There are many applications for thermionic and oxide coated cathodes. Applications for include: [2] 
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● Magnetrons are devices where a cathode is heated to fire electrons into a magnetic field in a vacuum 
which creates oscillations in metal cavities. The result is microwave emission.  
● Gyrotrons are wave generators similar to a Magnetron. In a vacuum chamber, electrons are fired 
into a magnetic field. The result is Terahertz emission, which is at a very high frequency. 
● Klystrons are Radio amplifiers that produce signals into the microwave range. 
● In X Ray tubes, cathodes generate electrons that are focused into anodes and expelled. 
Other applications include, but are not limited to: 
● Electron-guns 
● Gas Lasers 
● Plasma sources 
● Electron microscopes 
Since the applications are so broad, cathodes that have the phenomenon of thermionic emission have been 
chosen to focus on for further research.  
Thermionic Emission 
Thermionic emission sources are used widely in thermionic converter applications throughout industry. 
Thermionic emission is heavily dependent on cathode temperature because the temperature induces an 
energy exchange. For electrons to escape the surface of the emission surface, they require a minimum 
momentum exchange. Because electrons within a metal have a random distribution of momenta, the 
required emission energy varies. 
The simplest way to understand this is to consider an electron that has momentum distributed only in the z-
direction, the direction of emission perpendicular to the emission surface. A momentum transfer in this case 
will be entirely in the z-direction. Because this electron is directed ideally and any energy transfer will bring 
it in the direction of emission, the required energy for emission will be the minimum energy in the case of 
any randomly distributed electron. An electron with a non-normal directional vector will require greater 
momentum transfer, as part of that transfer will be distributed to other components.  
The emission energy for the ideal electron is known as the critical momentum value, which is a function of 
the electron mass, initial electron energy, the charge of the electron, and the work function of the metal. 
The critical momental value is given by 𝑃"# = [2𝑚(𝐸) + 𝑒𝜙)]1/220           (1) 
where m is the mass of the electron, Eo is the initial electron energy, e is the charge of the electron, and phi 
is the work function. The work function is a material constant for how easily the material can get rid of 
electrons.  
Since metals have a random distribution of momenta, not all electrons will be emitted with this critical 
momentum value. For electrons that have trajectory components in the x-, y- and z-direction, the energy 
exchanged will be split between those components depending on the electron orientation. For emission to 
occur, the z-component of the energy exchange has to be equal to the critical momentum value and, thus, 
the magnitude of the energy exchange will be larger. Put simply, the electrons in the metal require a range 
of energies to escape.  
The current of the escaping electrons is then given by 
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𝑗 = 𝑒𝑣"[𝑁𝑢𝑚𝑏𝑒𝑟/𝑣𝑜𝑙𝑢𝑚𝑒	𝑤𝑖𝑡ℎ	𝑃= > 𝑃"#]           (2) 
where vz is the velocity component in the z-direction, Px is the x-component of the momentum, and Pxc is 
the critical momentum value. To relate the escaping electron current to temperature, we use the high 
temperature limit of the Fermi-Dirac distribution, which states 𝑓(𝐸) = 𝑒@(A@AB)/CD = 𝑒@(EF2GEH2GEI2@20AB)/20CD     (3) 
where E is the applied energy, px, py, and pz are the momentum components, k is the Boltzmann constant, 
and T is the temperature.  
Using the definition of F(E), we get: (a = 𝑝"𝑑𝑝"𝑑𝑝=𝑑𝑝L𝑒(MF2NMH2 NMI2O2PQB)2PRS ) 𝑗 = 2T0ℎ3 ∫ 𝑎∞EHW@∞ ∫ 𝑎∞EFW@∞ ∫ 𝑎∞EIWEIX = (4Y0TC2ℎ3 )𝑇2𝑒@T[/CD     (4) 
This equation can be further simplified to 𝑗 = 𝐴)𝑇2𝑒@T[/CD	[𝐴/𝑚2].      (5) 
Equation 1 is known as the Richardson-Dushman thermionic emission equation with the constant 
Ao=1.20x106 [A/(m-K)2] for Tungsten-Scandium cathodes. Other cathodes, such as oxide coated, L 
cathodes, LaB6, thoriated tungsten, tantalum, and tungsten have emission constants of 2.5, 15, 29, 3, 52, 
and 60, respectively. This relationship exemplifies the temperature limited condition of thermionic emitters. 
It is clear in this equation that the current density increased greatly with the increase in temperature. The 
square of temperature multiplied by the exponential of temperature drives a strong proportionality. This 
rapid change in current density is eventually overcome by the introduction of space charge limitation, but 
the implication of this effect are not within the scope of this project and thus will not be discussed here.  
Relationship Between Temperature and Current Density 
The implication of the proportionality between current density and temperature is key in the exploration of 
our problem. It becomes clear in realizing this relationship that temperature fluctuations along the emitting 
profile of a cathode can greatly affect the emitting characteristics along that geometrical profile. Plugging 
in the constants and equating the equation to [A/cm2] gives  𝐽 = 120𝑇2𝑒𝑥𝑝(− 11.6[D )	[𝐴/𝑐𝑚2].     (6) 
This relationship is plotted in figure 4, on the following page, with the work function, phi, as a parameter. 
The work function is inversely proportional to how well the material can emit electrons.  
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Figure 4. Current density as a function of temperature with work function as a parameter. (reproduced without permission) [6] 
As seen in figure 4, depending on the desired operating temperature, a change in temperature as low as 10K 
on the emitting surface can lead to current density variations of 100%. These fluctuations can lead to losses 
in efficiency and reductions in system life, which is why the exploration for an efficient heating method 
with uniform emission surface temperature profiles is critical.  
Figure 1 also exemplifies the impact of a material’s work function on the current density. The need for a 
low work function emitter is obvious in the overall design of efficiency. Different cathode compositions 
drive varying work functions, so it is important to identify a desired temperature range and then choose a 
cathode material that suits the application. Because the scope of this project involves using a known cathode 
material, work function, and operating temperature, this will not be explored to the extent that it can be. A 
definition for work function will be introduced later.  
Thermionic Energy Conversion 
Thermionic energy converters (TECs) are heat engines that generate electricity directly using heat as its 
source of energy through thermionic emission. While having the potential for an efficient, direct energy 
conversion method, development has been hindered by the space charge problem and the unavailability of 
materials with low work functions. Recently, however, researchers have looked more into this technology 
as advancements in manufacturing methods have made it possible to solve many of these problems. TECs 
have now become viewed as viable options in replacing current energy production systems.  
The idea of converting heat to electricity by means of thermionic emission was first suggested by William 
Schlichter in 1915. In the 1950s this idea was explored further at the Massachusetts Institute of Technology 
with investigation into thermo-electron engines. This sparked the evolution of TECs, which continues 
today.  
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In general, vacuum TECs (VTECs), have a small, highly evacuated envelope around an electrode space. 
This limits the paths that electrons can take and reduces the number of potential atmospheric molecules that 
would otherwise inhibit emission. VTECs are difficult to implement because of their intricacies and issues 
with thermal and electrical isolation. An alternative to VTECs are vapor TECs, which fills what would be 
the vacuum space with vapor. Vapor TECs have shown significantly better performances in real 
applications, but struggle with inabilities in implementation complexities. These complexities include 
inadequate positive ions required to neutralize the space charge effect, and unfavorable effects of elastic 
collisions in the interelectrode space [7]. 
 
Figure 5. Schematics of VTEC (a) and vapor TEC (b). (reproduced without permission) [7] 
The TEC consists of two electrodes, an emitter (cathode) and a collector, which collects the emitted 
electrons. The emitter operates at a high temperature, as explored earlier, while the collector operates at a 
much lower temperature. The two electrodes are separated by an interelectrode gap to withstand appropriate 
thermal and electrical isolation. The two electrical loads are connected electrically with a load that would 
vary depending on the application. A heat source is connected to the emitter, to supply sufficient thermal 
energy. The collector is fixed to a heat sink as to remove the consequential heat generated by the emitter 
and electron interactions. Once the electrons are emitted from the surface of the cathode, they travel through 
the interelectrode space and are collected by the collector. As a result, a negative charge builds on the 
collector, inducing a voltage between the emitter and collector. By introducing an electrical load between 
the two electrodes, a steady current can be achieved. The amount of current, and therefore efficiency, is 
dependent on the temperature differences and emission characteristics.  
The theoretical limit of a heat engine is given by the Carnot efficiency. This relationship implies that not 
all of the heat generated can be used, as all the heat in an engine can not be used to do work. The Carnot 
efficiency can be written as 𝜂#cde)f = 1 − DXBghDℎBi      (7) 
where Thot is the operating temperature of the emitter and Tcold is the operating temperature of the collector. 
Theoretically, a TEC system can achieve a very high Carnot efficiency as a large temperature difference 
between the two electrodes can be maintained. When compared to conventional engines, such as a typical, 
internal combustion engine, a TEC has promising potential.  
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Difficulties in TECs and Current Solutions 
The reasons for why the TEC has struggled in obtaining the level of efficiency it can be theorized at is 
because of the work function and space charge phenomena. The work function of the electrodes has affected 
TEC efficiency since it was first theorized. Work function is a material surface parameter, and is defined 
as the minimum amount of energy required to emit an electron from a solid to a point in the vacuum 
immediately outside the solid surface. This directly correlates to the current density explored earlier. 
Unfortunately, there are not many low-cost material solutions that have been found that possess high 
temperature stability with a sufficiently low work function. Fortunately, recent research has offered 
alternatives to solve this problem.  
Using advanced coating techniques and the introduction of impregnations, as discussed earlier, lower work 
functions have been obtained. Work functions as low as 0.9 eV, 1.39 eV, and 1.7 eV have been achieved 
with certain depositions and substrate techniques and materials. Compared to the work function of 
Tungsten, the conventionally used material for commercial cathodes, 4. eV, these values are extremely low 
and very promising. Different solutions stir up additional complications, such as temperature range, cost, 
and scaling difficulties, but the introduction of the technology has driven a resurgence of positive 
reinforcement behind the technology.  
An additional struggle that has hindered the performance of TECs is the formation of a space charge cloud 
in the interelectrode space of the system. Because negatively charged electrons are used as the engine’s 
working fluid, repelling forces come in to effect as current density increases. Space charges tend to pull 
electrons beck into the emitter, since a positive charge has developed through the loss of electrons, and a 
cloud of negative charges can form around the emission surface. This creates the space charge effect, which 
continues to repel additional emitted electrons away from the collector, thus reducing current transfer.  
Some material methods are being explored that offer solutions by demonstrating negative electron affinity 
properties, which allows the vacuum level to be lower than the conduction band. Consequently, electrons 
that are energized past the emission band can escape the surface as the vacuum level is already lower than 
the conduction band. Reducing the interelectrode spacing is another method of reducing space charge 
effects, as the distance between the emitter and collector becomes small enough that it hinders the ability 
for electrons to start forming clouds. This solution is the simplest in concept, but is harder to manufacture 
and implement. Electric and magnetic fields have also been introduced to lower the effect of space charges. 
This forces more uniform trajectories for the electrons which reduces the the number of collisions. These 
systems are known as triode converters, as opposed to the conventional diode system, with the idea of 
minimizing the space charge and managing heat transfer between the emitter and collector. Each of these 
solutions has their benefits and drawbacks, but all of them have produced higher efficiencies than previous 
systems.  
Material Science and Manufacturing Methods in the Context of Cathode Emission in TECs 
There have been many changes made to how cathodes are produced and what they are made out of since 
its invention. This is due to many factors, as researchers continued to obtain information on how to try to 
optimize cathodes with few problems. 
At its earliest stages, the modern dispenser cathode was an oxide cathode sprayed onto a nickel base. One 
of the first developments, although it posed many problems, was placing (Ba Sr)CO3 in a cavity behind a 
porous tungsten plug. This new ‘L’ cathode provided good emission-current capability and long life but 
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had several disadvantages, such as obtaining uniform cathode temperatures, reaching correct temperatures 
for activation, and achieving an leak-tight seal between the porous tungsten and molybdenum. Then, 
attempts to impregnate the porous tungsten with (Ba Sr)CO3 failed because of their chemical reaction and 
the compounds produced. However, the base metal for dispenser cathodes became exclusively tungsten as 
the cathodes showed markedly superior dimensional stability compared to nickel cathodes. 
Next, it was discovered that pressed cathodes were vastly superior to the ‘L’ cathode. It was made out of 
70% BaO and 30% Al2O3, which was prepared by mixing barium carbonate with aluminum oxide and firing 
the mixture at about 2000°C to form the aluminate and free the mixture of the carbonate. This arrangement 
then also solved the problems associated with critical processing and activation temperatures.  
Then, it was found that further improvements could be made if the cathode was first formed from porous 
tungsten and then impregnated with barium aluminate. This also meant that this cathode could be easily 
machined to fit tight mechanical tolerances. It has better dimensional stability than pressed cathodes, and 
the emitter could be made much smoother than pressed emitters. This was known as the Philips ‘A’ cathode 
and was made in 1952. 
The most widely used cathode today was developed about 3 years after the Philips A cathode, as a 
researcher discovered that additions of calcium oxide to the impregnant reduced the barium sublimation 
rate and greatly enhanced the emission properties. This is known as the Philips ‘B’ cathode. The impregnant 
is 5 BaO: 3 CaO: 2 Al2O3 and is commonly referred to as 5-3-2. There are other mixes used, but the 5-3-2 
is by far the most common. 
 
Figure 6. Pressed dispenser-cathode and impregnated dispenser-cathode fabrication. (reproduced without permission)  [11] 
The techniques for fabricating porous tungsten with controlled pore characteristics require close control of 
powder particle size, particle-size distribution, particle shape and purity of the powder, and sintering 
temperature. Sintering is used in both processes, and it is defined as to make (a powder material in this 
case) coalesce into a solid or porous mass by heating without liquefaction. Table 1 shows some mixes of 
materials and how many impurities are allowed for them to still operate effectively. [6] 
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Table 1. Tungsten Powder Characteristics (reproduced without permission) [11] 
 
Common Heating Methods in TEC Systems 
For the heating of the hot cathode, which is in a thermionic converter system, many different sources for 
heat can be used. The first option is combustion, which would be used in the form of a micro combustor. 
This would give the needed amount of energy to take the hot cathode past the emissive barrier to that it can 
give off electrons. A micro combustor is essentially a very small engine, working through the same process 
of small, controlled explosions to give off heat. 
 
Another possibility for heating the cathode is the method of electricity. Although this would mean that we 
are using electricity to gain electricity, that can be determined effective or ineffective by the efficiency of 
the device that we use. There is an initial voltage needed to have the cathode emit electrons, so it would 
require us to raise that voltage in order to do both tasks. [6] 
Not only is the emissive surface one of the major facets of the converter that we are looking at, but also 
what is most efficient in application, whether it be electricity, micro combustion, or some other source. As 
we optimize the heating source, the work function will continue to improve and so will the thermionic 
converter as a whole. 
Applications of TECs 
In the 1960s research into the potential alternative engine that is a TEC was conducted in the United States. 
The majority of research was driven by solar and nuclear powered systems. Eventually, with an overall lack 
of convincing results, the program was terminated. The focus was shifted toward space systems at this time, 
both by the US and the Soviet Union. Two large nuclear reactors, equipped with a 5 kW power TEC were 
successfully orbited and operated in space within the Soviet Union’s TOPAZ program in 1987. The TEC 
system, while fully operational and sufficient for the application, operated at efficiencies lower than 10%.  
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Another application for TECs that has been developed is their potential to increase overall power plant 
efficiency. Because TECs work best at high temperatures, ranging between 900-1500+ K, they offer a 
promising alternative to conventional steam turbines, which typically operate between 900-1300 K. TECs 
reduce the number of moving parts, which reduces system complexity and friction losses. Additionally, the 
combustion of fossil fuels and nuclear fission, in general, produce high-quality heat with temperatures of 
2000 K and higher. Since, typically, the steam turbines operate at a lower temperature, there are major 
losses in system efficiency just in that reduction of temperature alone. TECs could be introduced upstream 
of the turbines to make use of the higher temperatures. Ideas have been proposed that still involve the use 
of steam turbines as a method of collecting waste heat generated through the TEC process. The topping 
cycle net plant efficiency was estimated to increase from 41.3% to 47%, and the generating capacity was 
estimated to increase by 27.6%.  
TECs are also a strong alternative in automotive applications, as they would be implemented in the drive 
for a motor vehicle, with dc motors directly driving the wheels. This would eliminate moving gear trains 
and offers other advantages than just efficiency, such as the generation of maximum low-end torque and 
the recycling of electricity during breaking. Additionally, with the temperature levels involved in gasoline 
and diesel combustion, incorporating a TEC into an engine would imply additional benefits over the internal 
combustion engine working alone.  
Smaller scale TECs have also been theorized to replace batteries in more mobile applications. In a military 
scenario, soldiers are tasked with carrying heavy batteries, additional battery packs, and battery chargers. 
This system also requires some level of organization that would ensure that any battery issued to a soldier 
would be fully operational for the application he/she is involved in. This could necessitate the discarding 
of batteries prematurely, as they would be required to meet a certain criterium that older batteries would 
fail to satisfy. The introduction of portable TECs that would replace heavier loads, costly batteries, and time 
consuming charging strategies is extremely promising. With recent research in micro combustors, small 
combustors that are fixed onto a TEC with a small fuel reservoir and proper insulation, this application has 
potential in implementation.  
Statement of Project Objectives 
The first project objective is to prove or disprove different heating methods for a thermionic energy 
generator. Then, we approached a solution for a proprietary heater to support further heater optimization 
research. The main goal of this year’s project was to find a heating system that is a modified commercial  
that will enable the system to hit the desired temperature consistently and efficiently. 
Customer Needs Finding 
Our group conducted interviews with 5 individuals from three distinct customer backgrounds and 
motivations. We chose the customers based on their backgrounds in being involved with activities that 
require them to be off-grid.  
Three of the customers that were identified were from the army, and are currently enrolled in the ROTC 
program at Santa Clara University. The reason that these are ideal people to interview is that they all 
frequently have training routines where they simulate being in the field on a mission. One customer, Andrew 
Salinas, has gone to Afghanistan and worked in stressful situations off-grid, needing a constant source of 
electricity to power a high frequency radio transmitter to contact the base that he was several miles from. 
The other two customers, Sage Buzzini and Connor Pritchard, have not been on international  missions, but 
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are experienced with the technology that is used on missions and have had to carry their gear long distances. 
In all cases, each one of their backpacks are approaching 90 lbs fully packed, which would normally be 
prohibitive for long distance travel.  However, they train heavily in order to carry those packs.  
A very large market for energy production and storage is in the army. For the customers from ROTC, energy 
generation and storage is a big problem where a lot of attention has been placed. There are a number of 
devices that someone from an infantry squad carries, and the batteries that power each of the devices add 
up to be very heavy. The list of devices includes: GPS, critical for wayfinding in places where there are no 
roads; night vision goggles, which need to be used at critical moments in a mission where no lights can be 
on in order to be stealthy; infrared strobe, also known as a phoenix beacon, for sending a visual signal long 
distance for help or other communication; laser beams for weapon alignment; many kinds of lights 
including a flashlight, headlamp, and a lantern; and Drones; for remote intelligence gathering. However, 
the most important device as well as the one that requires the most power is the radio.  
 
  
Figure 7. Harris SINCGARS RT-1523 Military Radio (reproduced without permission) 
 
From speaking with the ROTC members, each of them outlined the importance of the radio and the battery. 
A typical radio in use by infantry is the Harris SINCGARS RT-1523 Military Radio, shown above. In total 
it weighs 7.8 lbs with the battery, not including any attachments to the radio. Attachments include a speaker, 
microphone, antennae, and connections to plug in to a High Mobility Multipurpose Wheeled Vehicle 
(HMMWV) commonly known as a humvee. This is the single heaviest device that is carried just because 
of the massive battery packs. Additionally, if the mission is longer than a day, an extra battery needs to be 
packed, which is a large component of the weight of the radio. The interviewees said that if there was a way 
to be able to have a smaller battery pack for the heavy radio or for it to be charged off grid with a lightweight 
device, they would be very interested. Additionally, they said that since the military has massive defense 
spending budgets, there would be no problem implementing a device that could be expensive or require 
massive amounts of research and development to make a viable product. 
In the Navy supply corps there is a different scale market opportunity. The supply corps is responsible for 
supply management, expeditionary logistics, inventory control, etc. for troops which includes supplying the 
necessary energy for all devices for a camp. Current generators used in military camps are over 2200 pounds 
and need to be towed on a trailer in order to be brought to remote camps. The impact of a smaller and lighter 
generator with the same power output as a generator 10x the size on the global Navy, Army, and other 
defense sectors would be potentially very disruptive. However, there are some major problems with creating 
this shift in standard energy generation methods, namely convincing the long-standing institutions that they 
should replace the thousands of currently deployed generators.  
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Another market for energy generation is for other outdoor applications that include sustained missions into 
the backcountry. As trips get longer and destinations get more remote, the applicability of this system 
increases. The customers interviewed were two avid hikers and adventure sport enthusiasts. One of the 
customers, Steve Markusen, has been on countless trips deep into the wilderness, both alone and in groups. 
Most of his trips are in the midwestern mountains of Wyoming, Montana, and Colorado, but he has also 
been elsewhere, such as California, Washington, and Alaska. In any trip he goes on he will constantly have 
a certain number of devices on his person, depending on what the trip is. Each of these devices have a 
specific purpose and is necessary to the success of his goal. While some use disposable batteries, many use 
batteries that require charging. The ones that do require charging need to be recharged almost every night. 
The mission critical devices that Steve always uses are his phone, a handheld GPS and emergency locator 
device, and a headlamp. The phone is used for communication and location purposes. The GPS is a more 
rugged device for his location and also offers breadcrumb features that allow him to notify people of where 
he is, his status, and whether or not he needs help. The headlamp is used for illumination which, even with 
absolute care in planning, is almost always necessary. If he is skiing, he’ll also have a beacon for avalanche 
safety. If he is paragliding, he’ll have two Flytech Varios that offer redundancy and specific features. These 
devices give altitude, time of day, flight duration, height above ground, wind direction, compass, glide ratio, 
ground speed, goals and waypoints, and current position. While he is flying, these devices are absolutely 
critical to his safety. During trips where he will fly for a day, bivy at night, fly the next day, etc., he needs 
to have these devices charged by the morning. Between the handheld GPS, phone, headlamp, and Varios, 
he requires a large power bank to support his missions. Weight and storage are both crucial to him and can 
affect flying conditions greatly.  
Another customer, Jake Rendina, was interviewed. His activities that would warrant our device are climbing 
and hiking. All of his devices and reasons why power management is so important are similar to Steve’s. 
Both interviewees responses were in high praise for a device like the one we plan to create. Both individuals 
spoke to how crucial power management is in their fields of interest. Throughout the interview it became 
very clear that if a certain device were to die and if proper charging was not available, it could mean life or 
death. Especially in the case of an emergency, having these devices charged and available is critical.  
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System Level Requirements 
Organization of Needs
**System is easy to install 
***Seamless implementation into 
existing systems 
!*Easily purchased 
**Installed without special tools 
 
***System lasts a long time 
***Is it safe to bump into/drop 
*Resists dust and dirt 
Exterior surfaces last/do not discolor 
 
*System is easy to use 
***Has different settings for different 
applications 
*Does not place significant demands on 
operator 
*User interaction is easy to understand 
**Works right out of the box 
***System controls are precise 
***Maintains output accurately 
*Minimizes unintended variability 
!**Allows output to be specified 
 
*System is smart 
!**When finishes charging, has 
automatic shut off 
 
*System is personal 
**System provides useful information 
 
***System is a good investment 
**Affordable to purchase 
***Keeps track of power output 
***Has long lifetime 
 
***System is easy to store 
*Compact design 
!**Safe to store 
***Lightweight 
Hierarchy of Needs 
Through laying out the needs of what is most important for our system when we produce it, we were able 
to discover what exactly are the traits that are believed to be the most crucial to the success of our idea. 
 
Most Important Needs 
-System lasts a long time 
-System is easy to store 
-System has option for different strength of  
output to match different applications 
-System is lightweight 
-System controls are precise 
 
Latent Needs 
-System is easily purchased 
-System output can be easily controlled 
-System has automatic shut-off 
-System is safe to store
By identifying the most important needs for our project, we can focus in on the problems that need to be 
looked at before the non-essential qualities of the system. The main qualities are generally the parts of the 
system that would make it attractive for consumers to buy and use. These include weight, effectiveness, 
lifetime, and how many controls it has, which are by far the most crucial aspects of the product. If we are 
able to achieve good results in all of those categories, we will have a very marketable product.  
 
The latent needs of the product are things that can be added on or changed after the visualization and 
production of the product. This includes something such as the ease of purchase, which will be important 
if it makes it to market. That aspect will not be important until it has a use for many people, which will not 
come into play until after the product is built and explored further. 
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Customer Needs Takeaways 
There has been further definition of the scope of the project resulting from the interviews with customers 
from various backgrounds. From the army and customers who are involved in outdoor activities, namely 
long trips, there are several needs that can be solved related to energy. There is a need for a more energy 
dense electricity source that would be lighter than current methods, namely batteries and generators. There 
is also a need for an energy source that will be able to last a long time without needing to be recharged or 
needing a large generator to power. With this, the problems solved by a project aimed at improving energy 
generation that is portable and lightweight are plentiful. From our research there is a large market that would 
benefit from new, more energy dense technology. 
 
Physical Sketch with User Scenario 
The user scenario as seen in figure 8 shows a general use case showing a person plugging in a device to the 
system while the device is on the ground. This represents a use case in a remote location, where a flat, even 
ground is not available. 
 
Figure 8. Sketch of user Scenario 
 
As can be seen in figure 8, there is an outlet in which the user plugs in the device. On the same side of the 
generator, there is a panel with the outlet, on/off switch, and the power output and temperature viewer. The 
simplicity of use is key for situations in which power must reliably be turned on. This system mitigates the 
risk of user error.  
Functional Analysis 
The current design problem involves controlling the average temperature on the surface of the cathode in 
the vacuum envelope, by implementing a control system that will vary the strength of the flame based on 
the current surface temperature. Through this, consistent electron emission can be achieved which will 
result in an overall efficiency of the system. The Functional decomposition and out list of inputs and outputs 
is represented in this control system shown in figure 9.  
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Figure 9: Control system and energy transfer/storage flow chart.  
The control system would utilize a microprocessor to control a servo motor in the theoretical prototype. A 
thermocouple connected to the microprocessor will relay the temperature so that the servo motor twists the 
knob that controls the air/fuel mixture, which changes the temperature of the flame to adjust to the target 
temperature. 
Benchmarking Results and Market Survey 
The benchmarked products are representative of two extremes of the portable generator market.  
 
Figure 10. Left: Honda 2200 gasoline generator. Right: Isuzu military-spec diesel generator (reproduced without permission) 
 
The two generators shown above are the benchmarked generators. The Honda 2200 is a consumer generator 
and the Isuzu is an example of a generator used in the military. There are many other generators with specs 
between these two choices, however, these represent the correct range for benchmarking the ideal TEC 
specifications. 
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Table 2. Benchmarked Generators compared with ideal physical specifications 
 Honda 2200 Isuzu Military-Spec Desired Specs 
Fuel Gasoline Diesel Propane/MAP 
Deployment Carry Trailer Carry 
Weight (lbs) 50 2200 <50 
Dimensions (in) 20 x 11 x 17 80 x 40 x 47 <20 x <11 x <17 
Power Output (kW) 2.2 20 >10 
Efficiency (gal/MW-
hr) 164 75 50 
 
The desired specifications were the size and weight of the smaller generator with the power output greater than 
half of the diesel generator. The reasoning behind this is that the ideal generator is totable for one person. In 
order for this to happen, the device must be less than 50 lbs. In addition, the power output spec is based on the 
general operating conditions diesel generators operate at. To increase the longevity of the components, 
generators are overbuilt by a factor of four when designed for continuous use, and therefore the typical operating 
power of this diesel generator being benchmarked is only 5 kW. With these specifications, this would be a good 
form factor and power output for the initial product, as the market has a high demand for generators with this 
power output for military camps, heavy equipment, etc.  
 
Layout of System Level Design with Main Subsystems 
The overall system design has not yet been refined as each of the subsystems require further iteration. That 
being said, two potential layouts for the overall system have been modeled/sketched. Each of these systems 
involve a heat source, the thermionic energy converter, thermal insulation, a battery for power storage, a 
level of circuitry, a DC to AC power inverter, and a power outlet of some sort. The layout and wiring will 
change based on further iterations of each subsystem. The two overall system designs are shown in figures 
7 and 8. 
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Figure 11: TEC portable generator full system overview (inverter not pictured). 
The thermionic converter system for portable energy generation model can be seen above. This contains all 
subsystems that will be described in more detail below, including the heater, vacuum envelope, thermionic 
energy converter, and the output interface. It combines the best ideas for subsystems taken from concept 
generation into a single device. 
 
 
Figure 12: Best System Design: close up view with section cut out. 
In this design, the system in isometric view has a section cut out to see the heating element and its interaction 
with the bottom of the vacuum envelope. The heating element in this case is a propane combustion. This is 
advantageous since the fuel source is refillable. Propane stoves are very efficient, with some requiring as 
little as 4.9 fl oz per hour of use. Additionally, the interface panel that is desired is on the front panel to 
show how one would plug in to the device to charge something. 
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Team and Project Management 
Project Challenges 
The main challenge that arose with this project was the complexity of designing a full TEC system. While 
the original plan was aggressive in research and attempting to discover how to put one together, the full 
creation was out of the scope of our budget and time constraints for the year. To combat the lack of money 
and time, we narrowed the scope of the project to look at what we believe to be the most important aspect 
of a full TEC system. This meant looking at prospective heaters and heating systems that could be used for 
that subsystem. After deciding to move the focus onto the heating, it was within our project constraints.  
 
Budget 
At the start of the year, our budget had almost all of our money being used up throughout the year. This is 
due to the expensive nature of some of the materials being used, as well as the manufacturing process that 
goes into the design. However, we did have some access to cathodes and other aspects of the idea through 
SLAC. Once the scope of our project was changed, the costs mainly were from the materials used in 
machining, the gas, and the burners. Some of the equipment was lended to us to be used during testing, 
such as the data logger.  
 
 
Timeline 
There were two problems regarding the initial timeline that our group set out for the rest of the year. They 
were the timing of the receival of funds and the timing difference between the group’s readiness to test and 
the safety approval of our project. Once those two constraints had been met, we have consistently made 
progress on the project. To combat the safety aspect of the experimentation, we used the time to research 
other aspects of the project such as how to reduce heat loss and if any other burners would be viable. Also, 
all of the parts were able to designed and machined within that time. The lack of funds until halfway through 
the year put a small hold on the project, but all flowed smoothly once they were received.  
 
Design Process 
The design approach for this project required a lot of background research and brainstorming before 
anything was attempted to be manufactured or tested. We began by looking at TEC systems and used the 
help of one of our advisors to help us decide how big we would like to make our concept. Once that was 
completed, we drew up a general concept model on Solidworks. Following that concept, the budget was 
created and filled with all processes involved in making a TEC system, which included some expensive 
parts such as the material costs for Moly TZM and ceramic insulation. 
 
From the creation of the concept design, nothing changed until we received the funds that would be allotted 
to us for the year. Once we knew the exact size of the budget, it was necessary to reevaluate the size of 
goals that our team would be able to accomplish. This lead to a scope reduction from the full TEC system 
down to the heating subsystem. This meant that we could avoid high cost factors such as very specific 
materials and expensive manufacturing costs. With the new scope reduction, we went into designing the 
housing for our testing structure on SolidWorks. After a couple of iterations were achieved with slight 
adjustments for adjustability among other things, the experimental setup was ready to be machined. From 
that point on, the project required strictly machining and testing, which meant we were learning how to 
improve the system as each extra test was administered. Some significant changes were made between the 
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beginning and end of our testing period, in order to be more efficient in reaching a desired temperature and 
hitting the highest temperature possible. 
 
Risks and Mitigations 
The main risks that arose from this project were the safety concerns surrounding the use of fuel and a burner. 
We produced a safety procedure regarding the usage of equipment during our time for testing to prepare 
for when we had all of the materials ready. The propane was stored in a fireproof cabinet that was unlocked 
by an advisor during testing.  
 
Subsystem Chapters 
Subsystem #1 - Heater 
The heater within a thermionic converter serves a large purpose in the system, as it heats the cathode surface 
to its desired temperature. The heater within our system contains a PID controller to ensure that the surface 
maintains a steady temperature of 1000°C. As this will need to be a high powered flame, the concept of a 
bunsen burner is perfect for the application.  
A major constraint is the size of the flame due to the small size of the heated area. A bunsen burner has 
been scaled down to fit the system. Other variables that have to be considered include the size and weight 
of the burner and how it will fit into the overall system. As the rest of the components of the system are 
very small, the burner will take up the most space in total. 
There is a single input into the burner, which is a hose that is connected to a fuel tank for the delivery of 
fuel to the flame. Also, there will be a controller installed within the burner to control the amount of fuel 
that is instantaneously delivered in order to keep the temperature on the surface of the cathode constant. 
A main issue, regardless of the burner chosen, is the potential for heat loss while attempting to reach 
temperatures of 1000°C over a period of time. 
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Rationale of Choice from Options 
 
Figure 13: Heat Source Design #1  CAD model 
 
 
Figure 14: Heat Source Design #1 
Heat source design #1 is an attachment that goes on a fuel canister and produces flame using propane. As 
it has a bigger area of flame compared to the other two designs, it uses more fuel but produces a higher heat 
content. The key feature of this heater is if we will be able to concentrate the heat to a small cathode. It has 
an easily adjustable gas flow control along with the standard air flow holes along the body. If we are able 
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to concentrate the heat, this design may prove very useful. Its major con is that the heat is spread, and we 
will have to determine a way to not lose heat. 
 
Figure 15: Heat Source Design #2 (Chosen) 
The second heat source involves a similar design to the first, except for that it threads onto a wide variety 
of tanks and has a nozzle to concentrate the heat from the flame. This concept will be hard to design to 
minimize the heat losses through the nozzle but will prove very useful as this will be able to achieve a very 
direct heat source to the plate beneath the cathode. The rest of the design matches common attachments that 
are on the market today, with air flow gaps and a gas flow control. The flame source on top is spread out 
over many small holes, but the area of the top itself is very small. Even though it is not a single flame, it is 
as small as our cathode will be. The nozzle will help to minimize heat loss and concentrate the heat from 
the flame. 
 
Figure 16: Heat Source Design #3 
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The third and final heat source design is similar to a basic bunsen burner. However, every bunsen burner 
found on market has a large diameter flame. So this concept design is for a smaller bunsen burner that 
would have the flame size to be applicable to our system. The design involves a tube connected to a propane 
tank, with another valve to control flow in the burner. There are also holes for air supply to the flame on 
the body. 
From Appendix A, table 4, the bunsen burner was chosen to be revised since the flame is not concentrated. 
If the flame is small, then a bunsen burner will work well and have a better score on the ideas scoring 
matrix. Both the propane and multi-gas stove are viable, but they would work better in combination with a 
nozzle that focuses the flame to a smaller area which would allow the cathode to work at a higher 
temperature with a smaller heat distribution. Durability was not a weighted issue since all subsystems are 
equally durable. From the scoring of the heaters in appendix a table 5, it was found that the revised smaller 
bunsen burner was all around better. This is because it is cheaper to make and would take less time to build 
and test because of the simple design. It has a few major drawbacks such as size and weight, however, it 
has the best score based on the weights and scores from the matrix. 
Subsystem #2 - Vacuum Envelope 
The vacuum envelope is essential in the thermionic conversion process, as it allows electrons to cross the 
gap between the cathode and anode. It will also undergo a large amount of heat, and is designed with enough 
insulation to dissipate the heat, removing any danger to the operator. 
For the vacuum chamber, it is necessary to have one side composed of molybdenum titanium zirconium 
(moly TZM), as it is the surface on which the cathode will sit. This is required as it is a known material that 
the cathode puck can be brazed to. Ceramic insulation is required to provide both an electrical standoff 
between the cathode and anode as well as thermal insulation between the vacuum chamber and the rest of 
the system.  
 
The key issues in choosing a vacuum chamber are the cost of materials, the electrical and thermal 
conduction properties, and the design for manufacturability. The ideal system would be cheap, electrically 
conductive, thermal insulative, and relatively easy to manufacture.  
 
Rationale of Choice 
 
Figure 17: Vacuum Chamber Design #1 
The first vacuum chamber design is made of stainless steel and ceramic insulation with a heat shield. Its 
simple geometry allows for complex cathode and collector geometry within the chamber. However, this 
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design would contain poor heat conduction, is large, and requires a poor electrical insulator as the heat 
shield. This would also require an extra moly TZM brazed to the inside of one of the SST plates.  
 
 
Figure 18: Vacuum Chamber Design #2 
The second vacuum chamber design requires a stainless steel top used as a collector, with moly TZM used 
between the heater and cathode. Then, ceramic insulation is used on the sides to prevent heat loss. It is a 
very simple design and has high heat conduction, but external shielding is required. Also, the stainless steel 
collector has slightly worse conductivity than a different materials, creating more losses. 
 
 
Figure 19: Vacuum Chamber Design #3 
The third vacuum chamber design is made of stainless steel tubing with CF flanges to seal the chamber. 
This design is easy to prepare for manufacturing, and is easy to assemble. It can also create a very high 
vacuum. While effective, this design will be large, heavy, and expensive to obtain. Also, external shielding 
would be required for heat loss and safety purposes. 
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Figure 20: Vacuum Chamber Design #4 (Chosen) 
The last vacuum chamber design is similar to the second design, but contains a different layout of the 
stainless steel collector and ceramic insulation. The moly TZM is still used between the heat source and 
cathode, but there is a space above the collector. Also, the heat shielding can be seen in the drawing, which 
would encapsulate the whole system. 
From Appendix a. Table 4: The best vacuum chamber design is the Stainless Steel with Moly Titanium and 
Zirconium vacuum chamber walls. It is the design with the best heat shielding as well as the best insulation 
overall. Even though it is slightly more expensive and will take the longest to build, the negatives are 
outweighed by the positives, since it scores high in important areas. The insulation and heat shielding are 
very important parts of the system since the more heat is held in the higher the performance of the system 
will be. Steel is a good conductor and therefore is the worst choice for the vacuum walls. 
Subsystem #3 - Thermionic Energy Converter (TEC) 
The TEC subsystem contains the cathode and collector, which are used for the power generation of the 
system. The cathode and anode are separated by an interelectrode gap to withstand appropriate thermal and 
electrical isolation. The two electrical loads are connected electrically with a load that can vary based on 
the application needed at the current time. While the collector is usually contained within the TEC 
subsystem, our collector is stainless steel and is a part of the vacuum chamber. The cathode is heated by 
the bunsen burner as it has a layer of moly TZM beneath it for the heat transfer to the cathode. 
 
A factor that goes into the TEC subsystem is the interelectrode gap, which is restricted to extremely small 
distances. In this subsystem, the interelectrode gap will be 250 microns. This gap leaves no room for error 
because of the size, and is instrumental in the efficiency of our system. 
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Rationale of Choice 
 
Figure 21: Electrode Design #1 
The first electrode design includes a focus electrode around a cathode, and a collector placed extremely 
close. It has the best electron fields and collection of most existing models, and boasts a very high 
efficiency. While it is very high quality, it is bulky, expensive, and hard to manufacture, which may make 
it difficult to obtain during our project. 
 
Figure 22: Electrode Design #2 
The second electrode design consists of a very simple system, with just a cathode and collector. This system 
will be simple, small, cheap, and very easy to manufacture. The major problem with this simple system is 
that it is much less efficient than the other systems. 
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Figure 23: Electrode Design #3 
The third electrode design is comprised of a larger cathode and collector than the previous design. As the 
system becomes larger, we will have a larger emission area and much looser tolerances. However, that is 
the major con, as a larger system is harder to control and measure. 
 
 
 
Figure 24: Electrode Design #4 (Chosen) 
The fourth and final electrode design uses a cathode within a vacuum chamber. In this system, the stainless 
steel acts as a collector and a molybdenum alloy is placed between the heat source and the cathode. This is 
the smallest design out of the four, and will also be the cheapest. Its major cons, however, is the electrical 
losses because of the use of stainless steel instead of copper. 
From the screening of the TECs, the best design found was the . This is because it has a high emissivity 
and a high efficiency in combination, as well as being durable which makes it easier to maintain and use 
over time.  
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System Integration 
Thermal Simulations of TEC and Vacuum Envelope 
The figure below shows a schematic of the TEC and vacuum envelope system that was simulated. The 
complexity of the system made hand calculations very difficult, so the results of the calculations were used 
to inspire an iterative simulation process to find the lowest temperature possible on the heating area to allow 
for the desired cathode temperature.  
 
Figure 25: Free body diagram of system. 
The vacuum envelope consists of a molybdenum titanium zirconium (moly TZM) plate, tungsten cathode, 
stainless steel collector, and ceramic insulation. It will undergo thermal simulations to analyze the heating 
of the cathode and how the heat dispersed interacts with the system. 
One of the subsystems being tested was the entire vacuum envelope. The heat transfer simulated took into 
account radiative, convective, and conductive heat transfer. The temperature on the combustion surface was 
set to 1000C. Radiation and convection on the external walls was considered. The emissivity of all surfaces 
was set to 1 and the view factors between each surface was also 1. This means that the results are an 
overestimate of the final temperature.  
Additionally, the interface between the moly TZM plate at the bottom of the vacuum envelope, which is 
the surface that is in direct contact with the propane flame, was simulated. This subsystem was tested with 
only conduction, neglecting radiative and convective heat transfer. The temperature at the bottom plate was 
fixed for each calculation within a range of between 1005°C and 1300°C. The temperature at the top surface 
of the cathode was fixed at 1000°c.  
Molybdenum is widely used as an alloying element due to its very high resistance to wear and heat. It has 
a very high melting point and excellent strength at high temperatures as well, making it very desirable for 
applications with high heat. The alloy used in our system, moly TZM, has a much higher thermal 
conductivity than just the molybdenum. In adding 0.2% carbon, 0.5% titanium, and 0.08% zirconium, the 
thermal conductivity is raised considerably compared to pure molybdenum.The table below represents the 
values used within the simulation as the temperature increases to more accurately portray the heat transfer 
within the system. The thermal conductivity was found outside of ANSIS and input into the program. 
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Table 2. Thermal conductivity for moly TZM at various temperatures [12] 
Temperature (K) Thermal Conductivity (W/mK) 
800 115.510 
900 113.000 
1000 110.070 
1200 103.790 
1500 94.580 
1600 91.230 
1900 82.860 
2000 80.350 
 
The cathode used in our system is made of porous tungsten impregnated with a mixture that is used in 
dispenser cathodes all over the world. The impregnated material used is a 5 BaO: 3 CaO: 2 Al2O3, and while 
there are other mixes used, this is by far the most common. For the purpose of modeling the system initially, 
a simple tungsten puck without the impregnant will be used. Just as with the moly TZM, the values below 
are used in the simulation and were found outside of the ANSIS platform. 
Table 3. Thermal conductivity for Tungsten at various temperatures [13] 
Temperature (K) Thermal Conductivity (W/mK) 
800 125 
1000 118 
1200 112 
1400 108 
1600 104 
1800 101 
 
Stainless steel 304 will be used in the system as the collector, placed micrometers away from the tungsten 
cathode. It is used as a collector because it is cheap, easy to manufacture, and it is not the focus of our 
system. It’s thermal conductivity compared to copper makes it more desirable to use, as insulating the 
system is more important than the electrical efficiency. The properties for stainless steel were found in 
ANSYS in the pre-loaded materials. 
Ceramic insulation will be used in the system around the puck. It will be composed of alumina ceramic 
(Al2O3), which has high hardness and resistance to heat and wear. Alumina ceramic can be obtained at a 
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variety of purities, but for our system, 99% alumina will be used as it has the best properties. Pre-loaded 
material properties within ANSIS were also used for the alumina ceramic insulation. 
The walls of the vacuum chamber were expected to be too hot for normal usage, and would pose a hazard 
to anyone or anything near the surface. This constitutes as a failure for our purposes since it should be able 
to be touched during usage without burning. This concern was confirmed by the simulations.  
It was expected that the heat required would be much greater than the desired temperature at the cathode 
emission surface, which was proved incorrect by the simulation. The temperature at the combustion 
interface was only slightly higher than that of the cathode emission surface.  
Assumptions were made in the simulations including constant material properties, a convection coefficient 
of low moving air, an emissivity of 1 for all internal surfaces and 0.5 for all external surfaces, and an 
ambient temperature of 22 deg. C.  
 
 
Figure 26: Temperature distribution of system without vacuum envelope (heat source = 1020 °C, Range = 853°C-1023°C). 
The first simulation involves a heat source where the size of the heated area matches the area of the cathode 
in the system. The heat source on the moly TZM was set to 1020°C after multiple iterations which resulted 
in desirable values for the surface of the cathode. A temperature probe was then placed on the surface of 
the cathode to find the average temperature, which was 1000.5°C.  
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Figure 27: Temperature distribution of system with insulation (heat source = 1020 °C, Range = 707°C-1021°C). 
The second simulation of the system is has the same properties as the previous, but the system was 
surrounded in insulation. The purpose of this simulation was to determine if the insulation designed for the 
system was enough to make the system safe to the touch. While the outside surface of the insulation was 
over 100 °C lower than just the electrode interface surfaces, it is desired to reach a safe temperature that 
can be handled without additional equipment. 
Through the simulation of our system, it was found that the average temperature of the surface of the 
cathode will be 1000.5°C when the Moly TZM plate is heated to 1020°C. While the cathode does not have 
a consistent temperature throughout, the variance is small (10°C) relative to the magnitude of the 
temperature of the system.  
With this final simulation, it became clear that, even without additional insulation around the vacuum 
envelope, temperatures surrounding the vacuum envelope would be less than melting and yielding 
temperatures for the materials used in the rest of the system. Additional insulation will be optimized to 
reduce these temperatures further. Due to the lack of issues with potential melting and yielding of additional 
subsystems in the overall system enclosure, additional simulations will not be performed until optimization 
is required and the rest of the system is iterated further.  
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Theoretical Power Calculation 
In order to get an idea of how much power is required at the heating surface, hand calculations were 
performed. A simple calculation of heat flow between the heating plate and the cathode puck was computed 
using the following parameters.  
 
Figure 28: Hand calculations of required power and heat flux at heating surface to obtain heating surface and cathode emission 
surface temperatures of 1100°C and 1000°C, respectively.   
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The hand calculations showed that a required 642.3 W was necessary to obtain a heating surface 
temperature of 1100 degC and a cathode emission surface temperature of 1000 degC. An associated average 
heat flux of 1.268 W/m2 would be applied to this surface. These temperature values were derived from the 
previous, TEC and vacuum envelope simulations. These hand calculations were compared to a FEA 
simulation to check the validity of the results.  
 
 
Figure 29: Contour plot of the directional heat flux in the heating surface required to obtain heating surface and cathode 
emission surface temperatures of 1100 degC and 1000 degC, respectively.   
 
The thermal simulation gave an average heat flux of 1.157 W/m2 on the heating surface, which was close 
to the calculated value of 1.268 W/m2. A reaction probe was used on the heating surface to measure the 
wattage required to sustain operating temperatures as well. This probe gave a value of 505.5 W, which was 
also close to the calculated value of 642.3W. These values will be used in determining initial values for 
burner operating conditions prior to optimization. 
 
In summary, the simulations and calculations show a difficult, but realistic, design problem in the 
optimization of this system. No temperatures exceed material melting temperatures and a relatively small 
amount of insulation has proven more effective than previously thought. Further insulation and an enclosure 
for the overall system will provide effective heat dissipation and a reliable operating temperature for safety 
in test, operation, and handling.  
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Scope Reduction and Subsystem Focus 
Due to the complexity of the aforementioned subsystems and time required to design, test, and iterate each 
of them, the scope of this project was reduced to focus on the heater system for the thermionic generator 
system. The reason behind this was because the heater would be the key component as far as the proof of 
concept for the creation of a thermionic generator. As thermionic cathodes and converter systems are 
already being manufactured and used for other applications, it was assumed that a system for use in a 
thermionic generator could be manufactured and implemented.  
 
Once it was determined that the heater subsystem would be the focus of the project, our process shifted to 
proving the possibility of a natural gas burner as a source of heat for a thermionic generator. To do so, the 
ideal operating temperature of our theoretical system had to be calculated. Thermal simulations would then 
be run to determine if these temperatures were theoretically feasible for a certain flame type. Testing would 
then be performed to find an optimal fuel type, burner type, and burner and plate configuration to reach 
such temperatures.  
 
Adiabatic Flame Temperature Calculation Results 
Analytical Analysis 
The calculations of the adiabatic flame temperature are based on setting the heat loss from the combustion 
reaction of propane to zero. Because we are assuming a zero heat loss, the enthalpy of the products and the 
reactants are equal. The full calculation can be seen in Appendix A. The equation below shows the net heat 
of the reaction. 
(1) 
Equation 1. Net heat of reaction 
where Hp is the enthalpy of the products, HR is the enthalpy of the reactants, Ne is the mole number of the 
reactants, h˚f is the heat of formation of each of the respective molecules, h˚T is the specific enthalpy of the 
temperature of the combustion which only applies to the products, and h˚ is the enthalpy at an ambient 
temperature of 293 K.  
 
After looking at the net heat of reaction, we can look at the heat from the combustion of one mole of 
propane. As the air in the reactants produces zero heat, we can set that equal to zero and compare it to the 
heat of the products.  
(2) 
As the calculation simplifies, we are left with the number of moles of the products at the adiabatic 
temperature along with the heat of the air included in the products. The moles of air can all be modeled as 
Nitrogen in order to simplify the equation, as in comparison to oxygen and CO2, it is marginally different. 
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Then, we are left with the number of moles of products at the adiabatic temperature and the total heat from 
all of the products added to the heat of the single mole of propane. 
(3) 
Then, we can use an equation that puts the specific heat of the nitrogen multiplied by the temperature 
difference against the total heat that we have. 
(4) 
Through solving this, we are eventually left with a number for the adiabatic temperature that the products 
are all at after the reaction. 
(5) 
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Results 
The output was expected to indicate that lower stoichiometric fuel ratio would reduce the abiated 
temperature. The output was also expected to indicate that a higher heat loss would reduce the abiated 
temperature. We expect our geometry is expected to have a 30-50% heat loss and a less than optimal 
stoichiometric fuel ratio, but remaining within the range of lean burning. These results will be solidified 
through testing and and a thermal analysis.  
Since the optimal operating temperature for the target plate is 1200 K (927 C) or above, temperatures below 
 1000 K were considered failures. This operating temperature was calculated from the following 
image, which plots current density as a function of temperature.  
 
Figure 33. Current density as a function of temperature (reproduced without permission) [6] 
Our desired current density is 0.5 A/cm2, calculated using an emission area of 5 cm2 and an operating 
amperage of the thermionic generator at a minimum of 0.5 A. Using the curve representing a work function 
of 2.0, a known work function for the cathode we were going to use, and a current density of 0.1 A/cm2, 
the minimum operating temperature is just under 1200 K. We decided to round to 1200 K (927 C) as to 
bloat the amperage for circuit losses.  
The caclulations resulted in what was expected. An example data set can be found in Appendix B. Lower 
stoichiometric fuel ratio reduced adiabatic temperature and an increase in heat loss drove a tecrease in 
adiabatic temperature. Figure 2 plots adiabatic temperature against air/fuel ratio for heat losses ranging 
from 0% to 25%. As seen in Figure 2, at no heat loss, an air fuel ratio of 85 is required for an adiabatic 
temperature of 1200 K, while an air fuel ratio of 60 is required for 25% heat loss. Since both of these values 
are above what we expect our heating element to operate with, we are not concenered for a heat loss at or 
below 25%. This indicates that our expected heat loss of 30% remains realistic. 
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Figure 34. Adiabatic temperature vs air/fuel ratio for 0% to 25% heat loss in 5% increments 
 
Figure 3 plots adiabatic temperature against air/fuel ratio for heat losses from 0% to 70%. As seen in figure 
3, a heat loss of 70% does not allow for an adiabatic temperature of 1200 K at all. Heat losses of 50% and 
60% require air/fuel ratios of 30 and 40, respectively. Air-fuel ratios of 30 and 40 are close enough to 
optimal that we hesitate to say that we would achieve them. We are expecting air/fuel ratios between 50 
and 70, giving us a range for heat loss from 0% to 40%, depending on the air/fuel ratio. This indicates that 
our desired operating conditions remain realistic.  
.  
Figure 35. Adiabatic temperature vs air-fuel ratio for 0% to 70% heat loss in 10% increments 
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Depending on our tests and analysis, we will have to add insulation and control air/flow as necessary to 
function at 1200 K. We will iterate our design using the calculated data as a starting point. Figure 2 plots 
adiabatic temperature against heat loss. This graph shows that with an ideal stoichiometric ratio, a 
temperature of 1200 K can be reached with as much as a 65% heat loss from our system. 
As the air-fuel ratio becomes greater, the maximum temperature reached drops more slowly, which is 
encouraging for the testing of our system. As we will most likely not be able to achieve an ideal ratio, the 
fact that it decreases more slowly is helpful. As we begin to determine what ratio we will use in our system, 
this graph will be helpful in looking at what we will potentially be able to achieve assuming that we have a 
significant heat loss. 
 
Figure 36. Heat loss vs. adiabatic temperature for different air/fuel ratios 
 
Results Takeaways 
Our results provided supportive results in favor of our test fixture operating at our desired temperature of 
1200 K. The acceptable ranges for heat loss and air/fuel ratios with respect with one another imply that if 
we are able to achieve a value better than mid-range for one of them, it is likely we will have more room 
for imperfection in the other. Alternatively, if both parameters are kept mid-range, our heating element will 
also operate nominally.  
We still have to perform thermal simulations in order to better understand the air/flow characteristics and 
heat loss percentage of our current geometry. Once we complete these, we can compare the values to our 
test values, and calculate a percent error that is associated with our build and true conditions. We can use 
this to iterate our geometry so that our analysis indicates that our build will operate nominally with our 
calculated percent error. 
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Adiabatic Flame Temperature Simulations 
Iterative Analysis 
A transient thermal analysis of the flame and target plate with respect to air flow and air/fuel mixture was 
performed. The goal of this simulation was to find the steady-state temperature of the target plate and to 
optimize the air flow, air/fuel mixture, and insulation to best maintain a constant, desired temperature. 
The assumptions associated with this analysis would be that the resistance between thermal contacts can be 
ignored, there is no air flow outside of the test fixture, material properties are linear and uniform, and part 
dimensions are nominal. In the meantime, an analytical analysis was performed The results of this analysis 
gave us an idea of the temperature ranges the flame could reach given two parameters, system heat loss and 
air/fuel mixture.  
 
 
Figure 37: 3D flame temperature distribution for a 10 m/s inlet velocity (Range = 300K-1250K) 
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Figure 38:Flame temperature distribution for a 5 m/s inlet velocity (Range = 300K-1250K) 
 
 
Figure 39: 3D flame temperature distribution for a 2 m/s inlet velocity (Range = 300K-1100K) 
 
The results from the simulations showed that it was possible to reach desired temperatures at flow rates as 
low as 2 m/s. These results proved helpful as our calculated airflow for our initial burner was just under 2 
m/s.  
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System Integration, Test and Results 
Experimental Setup 
 
             
Figure 40:  K Type Thermocouple probe and data logger.  Figure 41: Shows tripod in relation to table testing fixture. 
 
The testing fixture is composed of a tripod to hold the data logger along with two type K thermocouple 
probes to read the temperature coming off of the plate or flame. This was easily adjustable and allowed 
maneuverability throughout the testing process. 
 
Testing Materials 
Shown in Figure 39, the materials of the first testing fixture manufactured are shown. Due to limitations in 
the machine shop, we could not use high grade stainless steel such as super-corrosion resistant steel. It was 
found that using a lower grade steel would affect the testing data over time due to corrosion, but there was 
limited corrosion and it did not affect the testing beyond acceptable levels. 
 
 
Figure 42: First testing fixture materials 
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Iteration 1: Enclosed Chamber 
Goal 
● Detailed Design 
● Adjustable plate fixture 
● Fits bunsen burner 
Assumptions 
● Small flame (1-6” height) 
● Narrow Flame (<1” dia.) 
Flame Temp: 1473 
● Plate temp: 325°C (598 K) 
● Time to reach temperature 
● 2 minutes 
  
                             Figure 43: Initial Testing chamber                                  Figure 44: Top View. 
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Figure 45: Temperature vs. Time graph for iteration 1 
Iteration 1.1: Steel Wire Mesh 
 
● Flame temp: 1163K 
● Plate temp: 598 K 
● Successfully reduced height of inner cone of flame 
● Stabilized flame  
● Lower flame temp 
 
 
 
 45 
 
 
 
 
Figure 46: Steel Mesh over burner 
Iteration 1.2: Thicker Lip 
● Flame Temp: 1348 K 
● Plate temp: N/A 
● Allows Higher pressure (10 PSI) 
● Stabilizes flame 
 
Figure 47: Slight lip expansion test 
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Iteration 1.3: Expansion Pipe 
● Flame Temp: 1398 K 
● Plate temp: N/A 
● Stabilized flame 
● Wider flame outlet size 
 
 
Figure 48: Pipe expansion iteration 
 
Comparison: Propane Flame Size 
 
    
Open flame                   Steel Mesh                     Thicker Lip                        Expansion 
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Test fixture: Ring Stand 
● More Adjustability 
● Reduced thermal mass 
● Less heat loss 
● More air circulation 
 
                                         Figure 49: Turbulent mesh flame                  Figure 50: Ring stand setup. 
 
Iteration 2.0: Butane Burner 
 
● Ideal Flame Temp: 2200 K 
● Observed: 1500 K (max) 
● Plate temp: 715 K 
● Pros: 
● Smaller jet 
● Laminar premix 
 
 
         Figure 51: Butane Burner       Figure 52: Butane burner testing 
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Iteration 3.0: MAP Burner 
● Ideal Burn Temp: 2300 K 
● Observed: 1500 K (max) 
● Plate temp: 807.3 K 
● Smaller jet 
● Turbulent Premix 
● Highest Burn temp 
        
                                             Figure 53:MAP Gas burner.       Figure 54: MAP Gas testing. 
 
 
Figure 55: Temperature vs. Time graph for the MAP burner with a thin plate. 
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Figure 56: Temperature vs. Time graph for the MAP burner with a thick plate 
 
Table 4: Testing Summary 
Max temp (K) Description 
603 plate 1" above (1.0) 
598 plate 1.25" above (1.0) 
623 plate 1.5" above (1.0) 
473 plate 1.75" above (1.0) 
420 plate 2" above (1.0) 
1173 flame - fine steel mesh no plate, 10 psi (1.1) 
1348 flame - iron extension pipe lips no plate (no circulation) (1.2) 
1398 flame - iron expansion pipe no plate (no circulation) (1.3) 
623 Butane thick plate (2.0) using ring stand 
715 Butane Thin plate (2.0) 
694 MAP Thick plate (3.0) 
807.3 MAP Thin plate (3.0) 
 
From the results in table 3, it is clear that the MAP burner with a thin target plate is the ideal heater.  
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Costing Analysis (Prototype vs. Budget) 
Our group received a grant from Santa Clara University of $1500 in February 2019. This funding was very 
delayed and we had to spend less money because it was assumed that there would be no funding for the 
project up until this point. Our group asked organizations including SLAC that are interested in thermionic 
emission research to supply us with funding through research grants, but no funding resulted. 
Table 5. Expected Budget for Fully Operational TEC Device 
Item Cost 
Cathode Donated 
Collector $500 
Circuitry $200 
Battery $300 
Ceramic Insulation $500 
Vacuum Components $400 
Heat Source $600 
Vacuum-heater Interface $400 
Overall Assembly (welding/brazing) $600 
Total $3500 
 
As can be seen in table 4, the total expected cost of the research and development to create a TEC prototype 
is $3500, with the most expensive costs expected to be from the heater and assembly. All of these expected 
values were inflated to account for mistakes and multiple iterations of designs.  
 
In order to get a better understanding for where the prices on the original estimates are coming from, specific 
costs were researched and obtained for specific subsystems. A comprehensive breakdown of the material 
costs for raw materials and vendor parts for the construction of the system can be seen in the table on the 
following page.  
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Table 6. Expected (as of december 2018) comprehensive breakdown of material costs for system 
construction.  
Subsystem Item Name Cost ($) Source 
Heater with control 
system Burner Eisco Scientific Bunsen Burner 20.00 grainger 
 Servo Motor Annimos 20Kg Digital Servo 17.99 Amazon 
 Thermocouple wires (x5) XC-14-K-12 137.50 Omega 
 
Thermocouple Input 
Module C0-04THM 153.00 AutomationDirect 
 Microcontroller Arduino Uno 16.90 Amazon 
     
Electricity Interface Wall socket plate 
Standard outlet 2 Socket & Dual USB 
Ports 10.75 Amazon 
 Output Display 
MakerFocus TFT LCD Screen 1.44 
inches 10.99 Amazon 
 Inverter Power Bright 1100-Watt Power Inverter 77.25 Lowe's 
 Battery ChargeTech 54,000mAh 299.00 Amazon 
     
TEC Cathode Tungsten Cathode Free SLAC 
 Anode SST Plate 3/16" Thick 12"X12" 147.09 McMaster 
     
Vacuum Envelope Electrical Insulation Ceramic Spacer (2X) 500.00 CeramTec 
 Heating Plate Moly TZM Plate .125" Thick 12"X12" 732.00 
Elmet 
Technologies 
 Thermal Insulation Ceramic Fiber 1/8" Thick 6"X100' 134.20 McMaster 
     
System Enclosure System Enclosure Al Plate 1/8" Thick 24"X24" (2X) 535.04 McMaster 
     
  Total 2791.71  
 
From the cost breakdown in Table 5, it can be seen that the total drops to 2791.71, however, this budget 
does not include assembly costs and assumes that no iterations or mistakes will be made. Therefore, it can 
still be assumed that a prototype would cost closer to $3500, as in the previous estimate. 
 
Since the heater system is the focus of the project, an in-depth cost analysis of the parts purchased for 
prototypes was compiled in table 6. This table is a real cost breakdown of each category in the heat source 
subsystem from table 4. It includes multiples of parts and extra parts that may have been tested then thrown 
away after one use.  
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Table 7. Prototype cost list for all iterations 
Category Desc. Quantity Cost 
Sensors K Type Thermocouple 2 $111.98 
 Data Logger 1 N/A 
 AA Batteries (36 pack) 1 $15.98 
Test Fixture mfg 2" Step Collet 1 $25.28 
 12" steel threaded rod 4 $11.88 
 5" steel threaded rod 4 $4.48 
 1/4" Low C steel bar 1 $16.83 
 1-3/8" 303 S.S. Rod 1 $25.39 
 1/4" Low C steel tube 1 $7.59 
 Zinc Nuts and wingnuts 8 $2.40 
 3/4 x 1/2 coupling 1 $3.37 
 1 x 1/2 coupling 1 $4.28 
    
Heater hose barb 2 $25.98 
 Gas Tubing (package) 1 $13.88 
 propane bunsen burner 1 $14.99 
 Butane Burner 1 $93.25 
 1 Gal. Propane Tank 1 $57.76 
 Acetylene Torch 1 $67.00 
    
Testing use Fuel (gal) 1 $4.00 
 Steel rigid Sieve 1 $8.00 
 Steel Mesh strainer 1 $5.00 
 S.S. Tongs 1 5.98 
 BBQ Lighter 1 2.97 
 Ratchet Tie-downs 1 6.98 
 alum. Sheet metal 1 16.98 
 Tripod 1 N/A 
 Ring Stand 1 N/A 
  TOTAL $387.11 
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As can be seen in  table 5, the total cost for the prototype was $387.11. This is a very low price for the 
prototype heater system, but this is because of many limitations. From safety concerns as well as 
consistency for testing, our team was urged to use commercial hydrocarbon burners. Additionally, since 
the main focus of the project was to reach a high transmission of heat to a surface, it was better to use a 
commercially available burner so that the BTU and flow rate specs were known. These specs were used to 
do calculations and run simulations off of. 
The team was offered cathodes at no costs as a donation for our research efforts, however, there was not 
enough progress made on the complete package to be able to utilize the cathode. It is expected that any 
future research teams on this project will receive a free cathode if needed. 
Thermal and mechanical models and subsequent drawing packages will be designed at no additional cost 
thanks to the resources available at Santa Clara University. Analytical equipment, such as multimeters, 
pyrometers, and some thermocouples were also available to teams through the university, some of which 
we used.  
Business Plan 
Abstract: 
Thermionic generators have many advantages over existing gas generators that make them attractive for 
sale. The widespread use in the defense and construction sectors offers a wide market in which to choose 
from, but the main focus was placed in the defense sector, which is the market that would be the most open 
to an expensive proprietary technology in its early stages. The development of this product would benefit 
from a partnership with this sector because of their research and development resources as well as 
manufacturing facilities. After the design has been fleshed out by a larger team with more funding, the 
technology would be at a point where civilian availability would be safe and economically viable. 
 
Goals of the company are to provide an efficient, deployable energy source for people who work off grid 
and depend on a power source for their missions. The objectives of the company are to sell to civilian 
markets for an acceptable price relative to current generators and the trend in renewable energy systems.  
 
The product is a generator which uses the phenomenon of thermionic emission. This technology uses no 
moving parts and instead uses a hydrocarbon flame to heat up a surface which drives current flow, thus 
delivering usable power to a user. The new technology would be attractive to this sector because of saed 
weight and a lower amount of fuel used per unit energy produced. 
 
The target market of the product is the defense sector, namely supply corps. This was chosen because one 
of the biggest supplies that are delivered by them is energy sources. This is currently implemented using  
generators and batteries, which are very heavy and require trucks to deliver. The supply corps would benefit 
from the two major benefits of thermionic generators. Other possible markets are foreign aid such as red 
cross, adventure companies who and construction companies operating in off-grid conditions.  
 
The competition for the military generator space is limited. Currently, the main type of generator used by 
the supply corps which is suitable for deployment for a large encampment is a military-spec diesel generator 
weighing 2200 pounds and costing $10,000. One company that makes these is Isuzu, but the specifications 
of generators produced by military supply companies such as Cummins, Powertech and Libby are very 
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similar for the US. defense sector. The reason diesel is the standard is that the power delivery is constant, 
they can run continuously at at least a quarter load, the efficiency is higher than that of gasoline, in the field 
the increased particulate emissions aren’t significant, they can operate at a high range of weather conditions, 
there is significant sound deadening, and there is . There are some gasoline generators that are lighter, but 
they are less efficient so they are not used for large encampments. 
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Team Goals and Timeline 
Fall Quarter 
Table 8. Fall Quarter Timeline, Tasks and Subtasks  
 
By the end of fall quarter, our group plans on deciding what heat source will be used to in the thermionic 
converter system. Thermal modeling for the system will also be done by then to determine the needed 
insulation as well as the necessary size of the vacuum enclosure. Another important analysis will be 
vibration modeling for the system. These simulations will be necessary in order to figure out materials are 
needed to build the enclosure. A Gantt chart for the fall quarter is shown in figure 7.  
 
Figure 57. Gantt chart of subtasks for Fall Quarter.  
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Winter Quarter 
Table 9. Winter Quarter Timeline, Tasks and Subtasks  
 
By the end of winter quarter, our group plans on having finished the assembly of a test chamber to be used 
in optimizing our thermal model and overall design. From these test results the final system will be designed 
and a drawing packaged will be made. The raw materials, custom parts, vendor parts, collector, battery, and 
electrical components will be procured as part of the last task in the winter quarter. A Gantt chart for the 
winter quarter is shown in figure 8. 
 
Figure 58. Gantt chart of subtasks for winter quarter. 
 
 
 
 
 57 
 
 
 
Spring Quarter 
Table 10. Spring Quarter Timeline, Tasks and Subtasks 
 
By the end of spring quarter, the collector and insulation will be assembled with the rest of the vacuum 
envelope. The vacuum-heater interface will be installed and be optimized. Completion of testing and 
verification of thermal model will be performed after assembly. Operational minutiae will be polished and 
user experienced experience. Senior thesis, while worked on throughout the year, will be completed last. 
 
Figure 59. Gantt chart of subtasks for spring quarter. 
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Engineering Standards and Realistic Constraints  
Economic 
The economic factor is an important constraint for any project, and limits the ability to prototype with 
expensive parts with the risk that they may be damaged or will need to be replaced. The original proposed 
cost of the prototype was over $2700, but the amount spent so far on just the heater system was under $400 
since there were constraints on the exotic materials that needed to be machined. The actual prototype cost 
will be closer to that originally proposed cost, and it will not feasible economically until manufacturing 
costs decrease.  
The cost to manufacture is high because of the required techniques. The vacuum envelope needs to be 
manufactured in a vacuum and requires an expensive machine that has limited other applications to do so, 
raising overhead costs. Since SLAC offered to give our group was promised advanced tungsten cathode 
from SLAC, it is difficult to quantify the cost of the cathode. Since one of our potential customers is the 
Army, the price would not matter at all since infantry carry over $1000 worth of equipment, mainly radios 
and other technology, on them at all times.  
The cost to own is a factor that requires foresight into the durability of the product. The reduction of cost 
to own is going to be through designing the product with materials that do not corrode and to enable the 
user to fix their own product. There are many components that cannot feasibly be fixed unless they are 
being operated on in a clean room, especially the vacuum envelope. The bunsen burner could be fixed and 
the servo could be replaced if we design the outer casing to be opened easily.   
Environmental 
The product that we are attempting to design will have large environmental effects if successful. The need 
for batteries along with the amount disposed is a major hazard.  The primary component of batteries are 
lead or lithium which can, poison bodies of water when not disposed of properly. Our concept can reduce 
the number of batteries used in operation as our design only has a battery for the device to conserve the 
energy it produces when an appliance is not plugged directly into the system. Since our concept still uses 
propane to fuel the heating, there are emissions being generated, however, the technology for batteries or 
other types of generators such as solar power are not efficient enough to compete with modern gas-powered 
generators. 
Sustainability 
The world has finite resources available for power generation. To conserve energy while still being able to 
use existing widespread fuel sources, our design promises to be highly efficient. The efficiency of our 
concept surpasses any steam turbine powered by natural gas or propane since it is a direct conversion of 
heat to electricity. The result of the increased efficiency means that the device could be used instead of 
plugging a device into a wall even if the user is near enough to a grid. This is because the power grid has 
efficiency losses when being powered by a steam turbine that are greater than that of our design.  
 
Manufacturability 
Manufacturability is a big concern with our project since it is a complex system. It is important to simplify 
the design and reduce the number of parts for reduced chance of any defects and drive down cost. This is 
why our project has only one moving part which is a servo motor that controls the heating element. 
Standardizing and using common parts and materials is important and we have chosen to use a standard 
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material for aerospace applications, moly TZM, as well as a plentiful material, stainless steel. Designing 
for ease of fabrication is something our group had in mind when we designed the vacuum chamber to be 
sealed using gaskets which pinch close and have a low probability of letting air in. Designing for parts 
orientation and handling is evident in the orientation of the electric outlet panel, the output display, and the 
small size. 
Health & Safety  
There are a few safety concerns surrounding the fabrication and testing of the project. First, the operating 
temperatures of cathodes that we are looking will be 1000°C, which is extremely hot for non-experts to be 
handling. However, this high temperature will be created next to a vacuum enclosure, which will be 
relatively small, reducing the chance of a large failure. The surface that will be at this temperature will also 
be very small (diameter of 15 mm). We will not be coming into contact at all with the cathode when it is 
operating, which eliminates that danger of burns. 
The vacuum enclosure itself has been simulated in ANSYS and has shown to operate at a maximum of 
800°C. The temperature of every component is far below its melting point. Additional insulation will be 
added around the vacuum enclosure as to reduce radiation heating of the nearby area. A full system 
enclosure will be built to house the heating element and vacuum enclosure during operation until an 
effective insulative or water cooled subsystem is designed. This will allow for early stage testing in a safe 
and controlled environment. This full system enclosure will be simulated rigorously to ensure a safe barrier 
between the test and the testers prior to fabrication and implementation.  
Due to the importance of high temperature management and safety during test, the testing will take place 
at SLAC National Accelerator Laboratory in a controlled clean room. This lab is equipped with proper fire 
safety controls and additional thermocouples to read temperatures around the extremities of the system. Not 
only will this provide helpful data relative to the operating temperatures of the system for a full inclusive 
system down the road, it will ensure a high level of safety in terms of handling and tester proximity. 
Additional safety concerns are listed below.  
1. Manufacture 
The process of manufacturing each of the components will not have many safety issues since the resources 
for creating the vacuum chamber are inherently safe and use specialized tools and machines. The biggest 
concern is holding tight tolerances in braze features on the vacuum envelope. If these tolerances are not 
held, braze assembly could fail and the system would have leaks to air. To ensure tight tolerances are held, 
fabrication of the vacuum components will be performed either at SLAC or another well known machine 
shop outside of the university. Components will be quality tested to ensure tolerances have been met prior 
to assembly.  
2. Assembly 
An issue with assembly is the fact that the entire system will be enclosed in a vacuum chamber. Since the 
vacuum chamber will be at a difference in pressure of approximately 1 atmosphere from the outside, the 
chamber could crack if not assembled properly. To ensure effective assembly and mechanical design, 
structural simulations will be performed on the design and assembly will take place in a hydrogen vacuum 
brazing furnace at SLAC National Accelerator Center. This lab uses hydrogen brazing in many of its system 
assemblies and has knowledgeable engineers and technicians available to ensure proper design and 
assembly.  
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3. Test/Operation 
The main concern with testing is that initially, before the prototype of the vacuum chamber is made, there 
will be a small circular metal plate no more than 2 inches in diameter being heated to over 1000˚ C. This 
poses a danger to everyone involved in the experiment. To remain safe, there will be a heat shield in place 
to provide some protection from radiation heat. In addition, if necessary, welding goggles will be worn or 
a neutral density filter glass panel will be put in place to protect team members’ eyes since the higher the 
temperature of a metal, the brighter the metal will glow.  
In addition to the high temperature in test and operation, there is a risk of electric shock from the output of 
the circuit if the wiring is not properly assembled. The minimization of this risk will be in the form of 
making sure the system is off before any handling of the wires takes place. SLAC has plenty of electrical 
management tools to ensure that the system is grounded and not charged prior to handling. These tools can 
also be used to determine if the wiring system is robust prior to test.  
4. Display 
The system does not pose any problems while inactive and on display. If it is on display during and after 
use and is not insulated properly, the system may be extremely hot. To ensure safety, the test enclosure will 
be used during display, or, if designed in time, the integrated insulation package will be implemented prior 
to display. Precautions will be taken to ensure that any viewer is unable to injure themselves out of interest 
for the product. Warning signs and tape will aid in keeping the system in an isolated environment that 
prevents close contact.  
5. Storage 
After use of the device, there are no real threats during storage. While the system is inactive it is not 
dangerous in any way. The one precaution required would be to ensure that the system has reached room 
temperature prior to storing. Several thermocouples in and around the system will provide useful 
information as to current temperatures, so it will be known whether or not the system is safe to handle and 
store. The heating element will be designed so that it can be removed from the system entirely. The fuel 
canister for the heating element can also be removed from the heating element entirely. This will ensure 
that there is no possibility for the system starting up in storage. 
6. Disposal 
If a fuel canister is used up it can be recycled after it is properly prepared. Since the rest of the system 
except for the battery and circuit wires are metal and glass, the system can be recycled if needed. However, 
the system itself should not need to be recycled unless there has been a mistake in manufacturing. If 
necessary, the system will be disassembled, wiring stripped, battery removed, and all components will be 
recycled properly. SLAC has a recycling facility that accepts and organizes materials of many kinds. 
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Conclusion 
In conclusion, this report details the design process behind the creation of a heating subsystem for a 
thermionic energy converter, the need for a full device, and the market for the device. This will provide 
future fabrication of thermionic energy converters with a reliable and satisfactory heating system that can 
be used effectively. The best, current design was generated through concept evaluation and some scope 
narrowing from the original idea of the project. It was evaluated using thermal simulation software, and 
modeled through Solidworks. Through analysis of the current heating system, the feasibility of the 
concept was confirmed, although challenges and difficulties in the entire process were highlighted. 
There are many steps to be taken from this point in our progress. Testing physical parameters affecting heat 
transfer within the system will help to connect presumptions with realistic values that are affected by 
efficiency losses through convection, radiation, as well as other minutiae that are not accounted from in 
simulations.  
Additional analysis and design will be required in producing a safe, reliable, and fully functional heater that 
operates within the desired specifications. The process will be iterative, but will provide useful information 
as to how the system will be created. Once built, the system will require testing, in order to optimize the 
efficiency, and a plethora of measurements will be required prior to commercial operation.  
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Appendices 
Appendix A. Table 1. Electrode Concept Screening 
 
Appendix A. Table 2. Electrode Concept Weighting 
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Appendix A. Table 3. Electrode Concept Scoring
 
Appendix A. Table 4. Heater Weighting/Screening 
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Appendix A. Table 5. Heater Scoring 
  
 
Appendix A. Table 6. Vacuum Chamber Screening 
 
 
 
 
 
 
 
Appendix A. Table 7. Vacuum Chamber Weighting 
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Appendix A. Table 8. Vacuum Chamber Scoring 
 
 
 
 
 
 
 
 
 
Appendix A. Table 9: Project Design Specifications  
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ELEMENTS/   
PARAMETERS 
REQUIREMENTS UNITS DATUM 
TARGET - RANGE 
PERFORMANCE       
Size Inches 20 x 11 x 17 18 x 10 x 15 
Weight Pounds 50 40 
Output kilowatts 2.2 kW >10kW 
Fuel Consumption gal/MW-hr 75 50 
Efficiency  30% 45% 
Time to reach peak temperature minutes .5 5 
Peak temperature Kelvin N/A 1000 
SAFETY    
Time to cut off fuel supply seconds 1 0.25 
Time to cool down to handleable 
temperature 
 minutes .5  10  
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Appendix B 
Table B1: Data of air fuel ratio of 23.8:1 to 33.32 for 0% to 30% heat loss 
(moles air:1 mol fuel) Value     
Air/Fuel Ratio 23.8 26.18 28.56 30.94 33.32 
0% Heat Loss 5 5.5 6 6.5 7 
multiple: 1 1.1 1.2 1.3 1.4 
HR -124620 -124620 -124620 -124620 -124620 
HP -2378525.2 -2442573.92 -2463212.64 -2483851.36 -2504490.08 
H -2253905.2 -2317953.92 -2338592.64 -2359231.36 -2379870.08 
htp, (kj/Kmol) -87360.66667 -81675.61381 -75535.93798 -70340.82767 -65887.87597 
T H2O (K) 2728.198172 2570.051427 2399.257985 2254.740457 2130.86829 
T N2 (K) 3296.587855 3101.452778 2890.713116 2712.39494 2559.55079 
T CO2 (K) 2644.357632 2491.666865 2326.765706 2187.233955 2067.635312 
AVG Adiabatic Temp 2889.714553 2721.057023 2538.912269 2384.789784 2252.684797 
      
5% Heat Loss      
htp, (kj/Kmol) -82992.63333 -77591.83312 -71759.14109 -66823.78629 -62593.48217 
T H2O (K) 2606.688263 2456.448856 2294.195085 2156.903434 2039.224875 
T N2 (K) 3146.658463 2961.280139 2761.07746 2591.675193 2446.47325 
T CO2 (K) 2527.03975 2381.983522 2225.32742 2092.772257 1979.153546 
AVG Adiabatic Temp 2760.128825 2599.904172 2426.866655 2280.450295 2154.950557 
      
10% Heat Loss      
htp, (kj/Kmol) -78624.6 -73508.05243 -67982.34419 -63306.7449 -59299.08837 
T H2O (K) 2485.178354 2342.846284 2189.132186 2059.066411 1947.581461 
T N2 (K) 2996.72907 2821.1075 2631.441804 2470.955446 2333.395711 
T CO2 (K) 2409.721868 2272.300179 2123.889135 1998.31056 1890.671781 
AVG Adiabatic Temp 2630.543098 2478.751321 2314.821042 2176.110806 2057.216317 
      
15% Heat Loss      
htp, (kj/Kmol) -74256.56667 -69424.27174 -64205.54729 -59789.70352 -56004.69457 
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T H2O (K) 2363.668446 2229.243713 2084.069287 1961.229388 1855.938046 
T N2 (K) 2846.799677 2680.934861 2501.806149 2350.235699 2220.318171 
T CO2 (K) 2292.403987 2162.616835 2022.45085 1903.848862 1802.190015 
AVG Adiabatic Temp 2500.95737 2357.59847 2202.775428 2071.771316 1959.482078 
      
20% Heat Loss      
htp, (kj/Kmol) -69888.53333 -65340.49105 -60428.75039 -56272.66213 -52710.30078 
T H2O (K) 2242.158537 2115.641142 1979.006388 1863.392365 1764.294632 
T N2 (K) 2696.870284 2540.762222 2372.170493 2229.515952 2107.240632 
T CO2 (K) 2175.086105 2052.933492 1921.012565 1809.387164 1713.70825 
AVG Adiabatic Temp 2371.371642 2236.445619 2090.729815 1967.431827 1861.747838 
      
25% Heat Loss      
htp, (kj/Kmol) -65520.5 -61256.71036 -56651.95349 -52755.62075 -49415.90698 
T H2O (K) 2120.648629 2002.03857 1873.943489 1765.555343 1672.651217 
T N2 (K) 2546.940891 2400.589583 2242.534837 2108.796205 1994.163092 
T CO2 (K) 2057.768224 1943.250149 1819.574279 1714.925466 1625.226484 
AVG Adiabatic Temp 2241.785915 2115.292768 1978.684202 1863.092338 1764.013598 
      
30% Heat Loss      
htp, (kj/Kmol) -61152.46667 -57172.92967 -52875.15659 -49238.57937 -46121.51318 
T H2O (K) 1999.13872 1888.435999 1768.880589 1667.71832 1581.007803 
T N2 (K) 2397.011499 2260.416945 2112.899181 1988.076458 1881.085553 
T CO2 (K) 1940.450342 1833.566806 1718.135994 1620.463769 1536.744718 
AVG Adiabatic Temp 2112.200187 1994.139916 1866.638588 1758.752849 1666.279358 
 
